Grid cells are neurons active in multiple fields arranged in a hexagonal lattice and are thought to represent the "universal metric for space." However, they become nonhomogeneously distorted in polarized enclosures, which challenges this view. We found that local changes to the configuration of the enclosure induce individual grid fields to shift in a manner inversely related to their distance from the reconfigured boundary. The grid remained primarily anchored to the unchanged stable walls and showed a nonuniform rescaling. Shifts in simultaneously recorded colocalized grid fields were strongly correlated, which suggests that the readout of the animal's position might still be intact. Similar field shifts were also observed in place and boundary cells-albeit of greater magnitude and more pronounced closer to the reconfigured boundary-which suggests that there is no simple one-to-one relationship between these three different cell types. P lace (1), head-direction (2), boundary (3) (4) (5) , and grid cells (6) constitute the major units of the hippocampal cognitive map that forms the basis of our ability to navigate and form episodic memories (7) . Based on the grid cell periodic firing pattern and presumed invariance, the predominant hypothesis of grid cell function states that they represent the spatial metric system of the brain (8) . According to the major computational models, place and border cells act predominantly to stabilize the grid without determining its hexagonality (9) (10) (11) (12) . However, it has been recently shown that boundaries can profoundly reshape grid cell symmetry (13, 14) , but the nature of this influence, as well as its relation to other spatial cells, remains unknown.
To study the effect of boundaries on grid cell structure, we recorded from 347 spatially periodic cells (15) in the medial entorhinal cortex (seven rats) ( fig. S1A ). The firing pattern of the majority (63%) exhibited hexagonal symmetry in at least one of our four enclosures (grid cells), whereas that of other cells was more elliptical and irregular or had too few fields and did not pass the hexagonality criterion ( fig. S2 ). Recordings were made while rats foraged for food in four familiar polygonal enclosures (presented in random order) that varied in shape from a left trapezoid (poly 129°) to a rectangle (poly 180°), with two intermediate shapes being irregular pentagons created by increasing the angle of the west-slanting wall of the trapezoid from 129°to either 145°or 160° (Fig. 1A) .
We found that individual grid fields close to the slanting wall underwent average shifts as large as 41.6 cm (the largest in the rectangle to poly 145°transformation), whereas distant fields remained largely unchanged [the minimum (0.6 cm) and median (3.3 cm) field shifts in the same rectangle to poly 145°transformation], suggesting that the grid was influenced by the moving wall segment while remaining primarily anchored to the stable east (or north) wall ( Fig. 1 and fig. S3 ). Fields as far as 78 cm in the x direction from the slanting wall (Fig. 1C, top) shifted more than expected by chance (as measured in repeated trials in the same enclosure, 5.7 cm) (see the supplementary materials). The amount of shift was inversely correlated with the distance to the slanting wall (r x = 0.93, P < 10
; r y = 0.88, P = 0.004, linear regression) (Fig. 1C) , whereas the direction of shift was predominantly vertical, horizontal, or perpendicular to the slanting wall (Fig. 1D ). Four head direction cells (three rats) recorded during such transformations showed little systematic change ( fig. S4 ). The grid deformation was present for as long as we could record [>39 days in the rat (R2405) with the longest grid cell recordings] ( fig. S5 ).
We next looked for the mechanism that could explain such grid deformations. First, we confirmed that the field movements did not result from changes in the animal's behavior in different geometric enclosures (figs. S6 and S7). Next, we ruled out the appealing hypothesis that the local shifts reflected purely short-range deformations resulting from individual "noninteracting" grid fields maintaining fixed distances of 30 (the typical border cell width), 50, or 70 cm to the walls ( fig. S8 ). Finally, we investigated whether the field shifts could result from a global change in grid scale with the offset fixed only to the stationary east (or north) wall ( fig. S9 ). The average grid rescaling was significantly different in contracting versus expanding enclosures (-2.0 ± 1.1% (Fig. 2, A and B) . In most transformations, rescaling was nonuniform across the enclosure (Fig. 2, C to E and supplementary  materials) . Importantly, the maximum field shift did not significantly correlate with grid scale and was comparable across all the recorded grid modules (Fig. 3 , A to C) (r = 0.19, P = 0.72, linear regression; six grid cell modules with scales ranging from 29 to 86 cm in five rats), indicating that the ratio of scales between neighboring grid modules is not constant [also see (16) ]. Furthermore, simultaneously recorded grid cells from different-as well as the same-grid modules showed a significant correlation between the magnitudes and directions of colocalized field shifts (Fig. 3, C to D) . This indicates that the animal's position can be accurately decoded after a compensation for grid transformation; in contrast, uncoupled grid transformations could not be compensated and would result in reduced accuracy (Fig. 3E, fig. S10 ). The decoding error is also more pronounced close to the slanting wall for the nonlinear grid transformation compared to the linear, with the reversed tendency close to the stable wall (Fig. 3F) .
What could underlie this nonhomogeneous grid rescaling? Previously, we suggested that competing place cells might constitute the basic building blocks of grid cells (17) . In this model, a shift in one place-field position influences the positions of adjacent place fields, with the interaction force steeply decreasing as a function of the distance between fields. To test this idea, we recorded from 382 CA1 place cells (six rats) (fig. S1B) in the same enclosures. Like grids, place fields in close proximity to the slanting wall shifted with the wall, whereas the rest remained largely unaffected (Fig. 4) . However, overall maximum place-field shift was significantly larger than that of the comparable colocalized grid fields (average difference across all transformations: 2.8 ± 0.24 cm, P = 10 −27 , t 722 = 11.6, two-sample t test). The shifts between simultaneously recorded colocalized grid cells (53) and place cells (101) (59 transformations, three rats) (fig. S11) were not significantly correlated (magnitudes and directions: 0.12 ± 0.07 and 0.08 ± 0.07, respectively, 11 transformations; P = 0.25, binomial test), although in some cases the correlation showed a trend toward significance ( fig. S11 ). This could indicate that some place cells may be in register with grid cells and others not, possibly related to different spatial influences, such as those from border cells.
We found that individual grid fields shift by different amounts in response to local changes in enclosure geometry and that the magnitude of the shift is inversely correlated with the distance from the movable wall. Importantly, the grid remains primarily anchored to the stable wall of the enclosure, consistent with previous studies on other spatial cells and behavior, showing that the extent of cue control depends on its perceived stability (18) (19) (20) . These results suggest that the local geometry of the enclosure plays a key role in constructing the grid as indicated by previous behavioral observations that rats relied on local geometry to find a reward location (21, 22) . We have also shown that colocalized grid fields remained in register across all grid cells, including ones from different grid modules, suggesting that in principle these distortions could be corrected by the readout system to estimate the metric (23) . Perhaps more likely, the transformed grids could lead to a misperception of self-location in the room frame of reference. Krupic Finally, we found that grid cells could undergo nonuniform transformations that might be implemented either by the Field-Boundary Interaction model (17) or by the Boundary Vector Cell model (24, 25) . Place cells show similar tendencies, albeit overall they shift by larger amounts. Previously it has been shown that place cells can be formed even in the absence of grid cells (26) . Here, we demonstrate that they can undergo a different degree of transformation in response to the same geometric manipulation, suggesting that some place cells may be interacting with grid cells while others interact with border cells, as previously suggested (27) , or alternatively their spatial properties may be formed by different underlying mechanisms. 
